It has been suggested that the biogeographic and clade-level characteristics of marine invertebrate groups important in survival through mass extinctions are different from those important in survival during normal times. The role played by ecologically important characters in survival across mass extinctions, however, has not been well-studied.
Introduction
Considerable attention has recently been focused on the biological implications of mass extinctions (e.g. Kitchell et al., 1986; Jablonski, 1989a; Raup and Jablonski, 1993) . In particular, it has been suggested that mass extinctions constitute a "third * Author for correspondence.
tier" of evolutionary phenomena, operating by different rules than normal (background) extinctions (Gould, 1985) and altering the course of evolution by eliminating taxa well-adapted to periods of background extinction. This elimination of taxa might then allow species not necessarily predictable from normal times to radiate and occupy vacant habitats. Clade-level traits that affect survivorship and extinction rates during normal times may not affect survivorship through mass extinctions (Valentine and Jablonski, 1986; Jablonski, 1986a Jablonski, , 1986b Jablonski, , 1989a Jablonski, , 1989b . For example, mollusks with lecithotrophic larval development, which may produce a more subdivided population structure than planktotrophic larval development, are more prone to extinction during normal times. Larval development does not appear to affect survivorship through the Cretaceous-Tertiary mass extinction, however. Similarly, the geographic range of individual species and species richness of a genus affect extinction rates of mollusk genera during background times but not during mass extinctions; whereas geographic distribution of the entire genus plays an important role during times of mass extinction, but not normal times (Jablonski, 1989a (Jablonski, , 1989b . However, the role of very few ecologically-important characters in the survivorship of groups through mass extinctions has been tested in this manner (but see Kitchell et al., 1986; Sheehan and Hansen, 1986; Johansen, 1989) .
Our purpose in this study is to determine whether there are any ecological characteristics of a taxon that might affect its survivorship through a mass extinction. In addition, we assess the distribution of those ecological characteristics before and after the extinction event. Significant differences would suggest that different ecological factors were important during mass extinctions and background times.
Materials and methods
We chose to study marine bivalves at the boundary of the Cretaceous and Tertiary periods in the Gulf and Atlantic Coastal Plains because of the amount of data available for this group at that time. The analysis was conducted at the level of genus because specimens are often identified only to this level in published studies. This approach also reduces the problem of pseudo-extinction of species (the disappearance of a species due to anagenetic change), as well as apparent extinction due to the occasional re-naming of a species at a geologic boundray. A list of 67 bivalve genera found in the Maastrichtian stage of the Cretaceous in the Gulf and Atlantic coastal plains of the Eastern United States was obtained from Jablonski ( 1979) ; some ecological data was also obtained from this source. We then used BIOSIS, a computer database of journal articles, to conduct a search for articles published since 1986 concerning bivalves during the Cretaceous and Paleocene. We also conducted searches for articles concerning each genus. We obtained over two-thirds of the ecological data for our analyses from sources located during these searches.
We collected information about the following eight ecological (individual-level) characteristics of each genus (see Tab. 1): l)fieding mo& -whether the genus was burrowers; those that were found below 50 cm were classified as "deep". When only qualitative information was available, categorizaton was based on comparative descriptions by the author. 5) average size (length) ~ small ( < 1.5 mm), medium (15555 mm) or large ( > 55 mm). When information was available for more than one species in a genus, an average value was calculated. 6) depth below sealevel (depth range below the water surface) -shallow (O-3 m), moderate (3330m), deep (30-100m) or very deep ( > loom). When only qualitative descriptions were available, intertidal was judged to be "shallow", upper shoreface as "moderate", lower shoreface and upper shelf as "deep", and outer shelf as "very deep". Again, an average value was calculated when necessary. 7) temperature runge -warm water (tropical and subtropical), cool water (temperature and polar), or both; and 8) shell thickness -thick or thin, as described in the literature (quantitative information was often not available). When information for any of these characteristics was not available for fossil species, data from extant species in the same genus was used. Data and sources are summarized in Appendices A and B.
In addition, we gathered information concerning two characteristics of the genera not reducible to the individual level: 1) species richness -number of species in the Maastrichtian of the Gulf and Atlantic Coastal Plains (from Jablonski, 1979); and 2) abun&zHce -rare, moderate or common, as classified by the collector. When the numbers of individuals collected from a locality were available, categorization depended on the total number collected. In general, genera with over 500 collected specimens were "common", those with 50-500 were "moderate", and those with under 50 were "rare".
Intrageneric variation for most of these characters was low. Depth below sea level and size were the most variable, with approximately 15% of the genera incorporating species with dissimilar characteristics. Abundance and temperature range showed less variation, and the remaining characters appeared to be uniform in those genera for which there was information for multiple species.
Genera were judged to have survived the Cretaceous-Tertiary extinction event if any species of the genus was reported from any location in the Paleocene or thereafter. Most of these determinations were made using the list of species in Palmer and Brann ( 1965) and others were found during the literature search.
We conducted three statistical tests in order to determine if any of these characteristics appeared to influence survivorship of bivalves through the CretaceousTertiary mass extinction. First, Pearson chi-square tests of association were conducted for each pair of ecological and taxon-level traits in order to determine whether significant correlations existed among them. Significantly correlated predictors could cause misleading associations between survival to the Tertiary and the traits examined. In this case, an approach involving multiple univariate tests would be inappropriate. Second, we used chi-square tests to determine whether genera surviving the event were preferentially represented in any ecological categories (e.g. suspension vs. deposit feeding, warm vs. cool water). Finally, chi-square tests were used to determine whether the distribution of species within the categories of each of the ten traits was different before and after the extinction event. Exact p-values for all statistics were found using SYSTAT's StatXact module. Sample sizes for each of these tests ranged from 21 to 60. However, over 50% of the cells in nearly all of the contingency tables were less than 5.
Results

Associcttions between ecologicul vuriubles
Only tendency to burrow (epifaunal/infaunal) and burrowing depth are significantly correlated (p 4 0.001) when a Bonferroni correction for 4.5 tests is applied (Neter et al., 1990; see Tab. 2 ). This is not surprising, since all epifaunal species were placed into the non-burrowing category. The use of both characters may be redundant. Without Bonferroni correction, two more associations become significant (Tab. 2). Size was significantly associated with feeding mode (p = 0.017) largely because 2 a 8 I.
all deposit feeders for which we had data were of moderate size. In addition, shell thickness was significantly associated with temperature (p = 0.024). In this case, nearly all thick-shelled genera possessed species exploiting both warm and cool water.
Because of these associations, a multivariate statistical approach may be preferable. However, due to the distribution of empty cells in our data set, only univariate tests were used. Since the majority of ecological traits we examined were not correlated, this approach is reasonable.
Associations of traits with survivorship of the Cretaceous mass extinction
None of the traits that we examined was significantly associated with survival of bivalve genera to the Tertiary, with or without a Bonferroni correction for ten tests (see Tab. 3). Probabilities for these tests range from 0.181 to 0.782. In addition, the proportion of genera in each category (of each trait) did not change after the Cretaceous. (For example, the proportion of epifaunal to infaunal genera was the same both before and after the Cretaceous mass extinction event.) Probabilities for these tests ranged from 0.590 to 1.000 (Tab. 3).
Discussion
Survivorship of bivalve genera in the Gulf and Coastal Atlantic plain of North America across the Cretaceous-Tertiary boundary does not appear to be affected by species richness, abundance, size, temperature tolerance, feeding mode, amount of burrowing, shell thickness, depth below sea level at which it was found, or presence Table   3 . Exact Pearson chi-square probabilities from 2 x n contingency tables that I) survival to the Tertiary was dependent on each trait, and 2) the distribution of the trait differed before and after the event. of a siphon. In addition, the distribution of these ecological characteristics did not change significantly after that mass extinction.
However, selectivity of mass extinctions on the basis of ecologically relevant characters has been found in previous work on a variety of taxa. For example, species of foraminiferans with a keel, (a correlate with trophic morphology and depth range), were less likely to survive mass extinctions than unkeeled species (Norris, 1991) . Trilobites with planktonic larvae were less likely to survive both background and mass extinctions than those with benthic larvae (Chatterton and Speyer, 1989) . Selectivity of brachiopod extinction also appears to be affected by ecological characters ~ reclining and pedically attached species were more strongly affected by the Cretaceous-Tertiary extinction than other ecological groups (Johansen, 1989) . In an overview of both marine invertebrates and terrestrial vertebrates, Sheehan and Hansen ( 1986) found that detritus feeding in both these groups was a "buffer" to extinction at the K-T boundary. Selectivity of extinction in plants has also been seen, as diatoms with resting cysts perferentially survived through the Cretaceous to the Tertiary (Kitchell et al., 1986) .
There is a notable difference between most of the characteristics that we examine and many of the ecological characteristics with which survival of mass extinctions has been associated, however. Most of the traits that appear to influence a group's survival through a mass extinction are likely to have a direct effect on the population structure of a species. In foraminiferans, for example, keeled species (which were more likely to go extinct during mass extinctions) live in deeper water and tend to be more patchily distributed than unkeeled species (Norris, 1991) . Species with a patchy distribution, or subdivided population structure, are more likely to be genetically subdivided as well (Hart1 and Clark, 1989) . A similar effect on population structure is likely to be caused by mode of larval development, which affected trilobite survival during a mass extinction. Marine invertebrates with planktonic larvae tend to have a wider geographic range and more uniform distribution than species with non-planktonic larvae (Jablonski and Lutz, 1983) . The presence of a resting phase in diatoms (Kitchell et al., 1986 ) is unlikely to affect population structure spatially, but does affect it temporally. "Seed banks" of this sort have been seen to preserve genetic variation in phytoplankton (Sandgren, 1988) , terrestrial plants ( Leek et al., 1989) and animals (Hairston and De Stasio, 1988) by buffering species from the selective consequences of short-term environmental fluctuations. While the effect of mass extinctions clearly vary from group to group, all of these ecological characters, unlike most of the characters that we examined, have direct consequences for the genetic population structure.
An exception to this pattern is the finding that there was a trend (apparently not statistically tested) for detritus (or deposit) feeders to survive the end-Cretaceous mass extinction (Sheehan and Hansen, 1986 ). However, a detailed examination of a section in Texas revealed that the extinction of mollusks at the K-T boundary took place without regard to feeding mode, killing high percentages of both deposit and suspension feeders (Hansen et al., 1993) .
The lack of selectivity relative to ecological characters in our data may be due to the use of information from extant species (see Appendix A); ecological diversifica-tion since the end-Cretaceous mass extinction may have obscured underlying patterns of survivorship.
Alternatively, we may have not chosen the "right" characters for analysis, although we did attempt to choose factors thought to be important in most mass extinction scenarios (e.g. Stanley, 1984; Hallam, 198 l) , such as temperature tolerance and depth ranges. Finally, selectivity may only be apparent at the species level, due to the inclusion of species with varying ecological characteristics (e.g. both warm and cold tolerant) in one genus. However, the most economical interpretation of our result is that the lack of association between these ecological characteristics and survival across the K-T boundary is real. One possible explanation for a pattern-less extinction may be that selection pressures varied from locale to locale. Early Paleocene sections on the Brazos River (Texas), for instance, are dominated by deposit-feeders (Hansen et al., 1993) , while the early Paleocene sediments of the Braggs section in Alabama, another boundary section, is dominated by suspension feeders (Bryan and Jones 1989) . This suggests that different areas at that time may have experienced different selective regimes. Thus, there may be no large-scale pattern, but only local patterns of selectivity.
Another possible explanation for the lack of selectivity seen at the K-T boundary is that the cause and effects of this extinction on bivalves may have been so severe as to make differences in ecology virtually irrelevant. Ecological attributes that make organisms good survivors in normal times appear to have no effect during times of mass extinction. Hansen et al.'s ( 1993) analysis of the Brazos River section supports this notion. Suspension feeders dominated the Cretaceous fauna, but did not survive the mass extinction in greater proportions than deposit feeders. They did, however, become a substantial part of the fauna later in the Paleocene (Hansen et al., 1993) , suggesting that suspension feeding is advantageous during normal times. "Different rules" (Gould, 1985) have been shown to operate during mass extinctions and normal times, for both biogeographic and clade-level characteristics (Jablonski, 1989a) . While this study does not prove that such different rules operate for ecologically relevant traits as well, it does show that a variety of these traits have no effect on survivorship through end-Cretaceous mass extinction.
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